1/f Noise in Superconducting Devices
Examples: SQUIDS, single electron transistors (SETs), charge qubits, flux qubits, phase qubits
Three kinds of noise:
Critical current noise: Trapping and release of electrons in tunnel barriers modify the transparency of the junction, causing its resistance and critical current to fluctuate. This is the best understood, and has been widely studied experimentally (Van Harlingen, Buhrman, Martinis…) Charge noise: Hopping of electrons between traps induces fluctuating charges onto nearby films and junctions Flux noise: Flux-sensitive devices (SQUIDs, flux qubits….) exhibit flux noise of unknown origin
1/f Flux Noise in SQUIDs and Qubits l/f Flux Noise in SQUIDs
• Measurements of noise in dc SQUIDs in a flux-locked loop yield the spectral density of the equivalent 1/f flux noise S Φ (f) ∝ l/f
• By using two different bias reversal schemes, Koch et al. (1983) showed there were two independent contributions:
• Critical current noise -can be removed by bias current reversal
• Flux noise -cannot be removed by bias current reversal S Φ 1/2 (1 Hz) ≈ 5 -15 µΦ 0 Hz -1/2 for SQUID areas 6 x 10 -6 -7 mm 2 Quartz, glass and Si substrates I V DC SQUIDs: 1/f β Flux Noise Nb washer T = 90 mK • Wellstood, Urbina and Clarke (1987) investigated 12 SQUIDs, using a second SQUID to measure the 1/f noise.
• Flux noise and critical current noise separated using S Φ (f) ∝ (∂I/∂Φ) 2 • For Nb, Pb, PbIn washers: 0.58 < β < 0.80 DC SQUIDs: S Φ 1/2 (1Hz) vs. T • Very weak tendency for flux noise to increase with area
• Data rule out a "universal magnetic field noise"
• However: Agreement may not be as good at other frequencies
However: Some Outliers
• Two sets of IBM dc SQUIDs which were passivated showed somewhat lower 1/f flux noise:
• l/f flux noise in Quantronium at Saclay:
• Thus, one should perhaps not be too focused on a "universal" value for flux noise l/f Flux Noise in High-T c SQUIDs
• At 77 K large levels of l/f noise can be produced by thermal activation of vortices among pinning sites.
• • For B = 100 µT, w ≈ 4 µm.
• For low-T c SQUIDs: pinning energies are much higher temperature is much lower for qubits, linewidth is typically << 4 µm B is typically << 100 µT.
• Vortex motion believed not to be source of l/f flux noise in low-T c SQUIDs.
Model for 1/f Flux Noise
Other Recent Models for 1/f Flux Noise
• Rogerio de Sousa (arXiv:0705.4088v2) Ascribes noise to defects at the Si/SiO 2 interface
• Lara Faoro and Lev Ioffe (Preprint) Ascribes noise to diffusion of spins at the superconductor-substrate interface
• Electrons hop on and off defect centers by thermal activation or tunnel between def ect centers • The spin of an electron is locked in direction while the electron occupies a given trap. This direction varies randomly from trap to trap. • Two issues:
• What is the mechanism for "spin locking"? This must persist for times at least as long as the inverse of the lowest frequency at which 1/f noise is observed.
• What is the magnitude of the 1/f flux noise generated by an ensemble of these RTSs?
Spin Locking I: The Kramers Degeneracy*
• For an odd number of fermions with spin ½ in zero magnetic field, Kramers showed that the ground state is doubly degenerate. It was shown subsequently that this result is a consequence of symmetry. The two states have oppositely directed momenta.
• For an electron with nonzero orbital momentum (L > 0), the magnetic moment M = µ B (L + 2S) produced by spin-orbit coupling is locked to the direction of the crystal field (electric).
• If there is no orbital angular momentum (for example, if it is quenched), the remaining angular momentum is due solely to the electron, which does not couple to the crystal field and will thus not be locked^* 
Mean Square Flux Noise Coupled to SQUID Loop by Ensemble of Spins
For one spin at (x,y), the flux coupled to the SQUID loop is
Mean square flux noise is
Spectral Density of Flux Noise
Set the spectral density S Φ (f) = α/f, where α is to be determined
Introduce lower and upper cut-off frequencies f 1 and f 2
Then <(δΦ s ) 2 > = α df/f = α ln(f 2 /f 1 )
Assuming f 1 = 10 -4 Hz and f 2 = 10 9 Hz
We find
Note that this result is only very weakly dependent on f 1 and f 2
Fit of Areal Density of Defects n
We regard n as a fitting parameter to produce values of S Φ (1 Hz) comparable to those observed experimentally. For a SQUID with outer dimension 2D = 12 µm and linewidth W = 2 µm: n = 5 × 10 17 m -2 . We assume these are surface defects on the substrate and/or oxidized surface of the superconductor, and especially in contaminants produced by exposure to chemicals and the atmosphere. For a 10-nm layer, this value corresponds to about 1 defect per 10 4 atoms. (1987) : Performed STM measurements on ultra clean Si surface exposed to 3 × 10 -7 torr of O 2 for 20 s in UHV chamber. They found about 8 two-level systems in a 6.5 × 6.5 nm 2 area in a bandwidth of 10-500 Hz, corresponding to an areal density of 2 × 10 17 m -2 . This represents an areal defect density of 21 × 10 17 m -2 over 13 decades of frequency.
Koch and Hamers

Remarks on the Defect Density
• Martinis et al. reported a density of two-level systems of 10 12 m -2 in the tunnel barriers of Josephson junctions, based on their measurements of 1/f critical current noise.
• In tunnel barriers, however, the barrier is protected with a metal film immediately after its formation, before it is exposed to any contaminants.
• In contrast, the surfaces of the substrate and films are exposed to both the atmosphere and a variety of contaminants from processing. It is notewothy that the IBM passivated SQUIDs have lower 1/f flux noise.
• Chris Wilson commented yesterday that a 15-second plasma cleaning reduced the Q of a superconducting cavity from 10 4 to 20. 
